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Fossils, including those that occasionally preserve decay-prone soft tissues,
are mostly made of minerals. Accessing their chemical composition provides
unique insight into their past biology and/or the mechanisms by which they
preserve, leading to a series of developments in chemical and elemental
imaging. However, the mineral composition of fossils, particularly where
soft tissues are preserved, is often only inferred indirectly from elemental
data, while X-ray diffraction that specifically provides phase identification
received little attention. Here, we show the use of synchrotron radiation to
generate not only X-ray fluorescence elemental maps of a fossil, but also
mineralogical maps in transmission geometry using a two-dimensional
area detector placed behind the fossil. This innovative approach was applied
to millimetre-thick cross-sections prepared through three-dimensionally pre-
served fossils, as well as to compressed fossils. It identifies and maps mineral
phases and their distribution at the microscale over centimetre-sized areas,
benefitting from the elemental information collected synchronously, and
further informs on texture (preferential orientation), crystallite size and
local strain. Probing such crystallographic information is instrumental in
defining mineralization sequences, reconstructing the fossilization environ-
ment and constraining preservation biases. Similarly, this approach could
potentially provide new knowledge on other (bio)mineralization processes
in environmental sciences. We also illustrate that mineralogical contrasts
between fossil tissues and/or the encasing sedimentary matrix can be
used to visualize hidden anatomies in fossils.

1. Introduction

Fossils mostly consist of the mineralized remains or impressions of organisms.
Biomineralized tissues such as invertebrate shells or vertebrate bones and teeth,
which are highly resistant to decay, form the bulk of the fossil record (note
that they usually undergo physico-chemical changes during fossilization).
Occasionally, decay-prone soft parts (e.g. muscles, nervous systems) or even
entire soft-bodied organisms such as worms, jellyfish or squid are ‘exceptionally”’
preserved, offering us a more detailed view into the past than skeletal remains

© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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alone. Nonetheless, soft tissues rarely survive as organic
components. Instead, their preservation results from poorly
constrained mineralization processes such as the permeation
of tissues by mineralizing fluids (permineralization) or the
rapid in situ growth of minerals (authigenic mineralization)
driven by the activity of bacterial decay [1]. Better constraining
these taphonomic processes is critical for circumventing any
potential fossilization bias (e.g. size, taxonomic or tissue
sorting that affects exceptional preservation deposits [1,2]),
and properly interpret these invaluable snapshots of past life.

The mineralogical characterization of such exceptionally
preserved fossils was historically assessed through petro-
graphic observations of thin sections, later complemented—or
even replaced—Dby the use and / or development of the most cut-
ting-edge techniques available. As a result, the mineralogical
composition of a fossil is nowadays largely inferred indirectly
from its elemental composition, usually obtained from scan-
ning electron microscope (SEM) energy-dispersive X-ray
spectroscopy and mapping (e.g. [3]) or laser ablation induc-
tively coupled plasma mass spectrometry (e.g. [4]). More
recently, improvement in synchrotron rapid scanning X-ray
fluorescence (XRF), which produces two-dimensional distri-
butions of major to trace elements for decimetre-scale objects,
offers additional palaeobiological, palaecoenvironmental and
taphonomic information [5-11].

By contrast, X-ray diffraction (XRD), which specifically
identifies the minerals present is rarely used by palaeonto-
logists as it requires destructive sampling and powder
preparation, and often only provides limited spatial infor-
mation in highly heterogeneous materials such as fossils. In a
few studies, electron backscatter diffraction (EBSD), a SEM-
based technique that provides information about the structure,
crystal orientation (texture), phase or strain in materials (e.g.
[12]), was used to disentangle mineralization processes in fos-
sils. For instance, it revealed key insight into biological
control of mineral formation in mollusks, brachiopods and tri-
lobites [13] but also microfossils [14]. Nevertheless, EBSD is
restricted to sample sizes accommodated by the SEM chamber,
operates mostly in reflection such that it requires the prep-
aration of a finely polished sample surface, and the electron
beam only diffracts in the first few lattice layers (typically
approx. 50 nm). Extracting information not restricted to the
very surface (i.e. from the volume or bulk) can be achieved in
transmission geometry, using a detector placed behind the
sample. This requires high-energy X-ray beams adapted
to the thickness of the material under investigation, and has
been particularly used for the visualization of paintings
hidden underneath layers containing heavy elements that pre-
vent the use of XRF mapping (e.g. [15]). As for palaeontology,
Miirer et al. [16] non-destructively reconstructed three-
dimensional maps of mineral composition and hydroxyapatite
orientation in small (1-2 cm) bones of early tetrapod and lobe-
finned fish by combining XRD and computed tomography
using very high-energy X-rays (86.6 keV) within a 12-72h
time frame acquisition. Lower X-ray energies of 6-30 keV (com-
monly available at XRD synchrotron beamlines) enable
imaging in two dimensions of the mineralogical structure and
microtexture of thinner samples or sections, e.g. of modern
and archaeological otoliths, within a reasonable time frame
(typically approx. 10 min for 32 kilopixel images; approx. 5 h
for megapixel images) and coupled to XRF mapping [17].

Here, we assess the potential of XRD mapping for investi-
gating mineralization processes in the fossil record, using

four fossils representing a wide range of (i) taxonomic affinities
(arthropods, sarcopterygians and actinopterygians), (ii) types
of preservation (compressed and three-dimensional fossils,
including extensive soft-tissue mineralization) and (iii) ages
and depositional environments. We produce megapixel miner-
alogical maps across millimetre-thick cross-sections through
three-dimensional-preserved fossils and pluri-centimetre
compressed fossils (up to 5 x 3 cm? lateral area). Insights into
mineral identification and distribution at the microscale over
large areas, as well as crystallite orientation and size in fossils
show great promise for taphonomic and anatomical studies.

2. Material and methods

Mineralogical maps were collected synchronously with X-ray
fluorescence maps at the DiffAbs beamline of the SOLEIL
synchrotron source (France), owing to the development of a fast
and multi-technique data acquisition platform at the SOLEIL
synchrotron (the FLYSCAN platform [18]).

2.1. Experimental setup
Synchronous synchrotron rapid scanning X-ray fluorescence and
diffraction mapping (SRS-XRFD) was performed using an inci-
dent X-ray beam of 16.2 or 18 keV, monochromatized using a
Si(111) double-crystal monochromator, with a beam size diam-
eter reduced down to 50 or 100 pm using platinum pinholes,
or focused down to approximately 10 pm using Kirkpatrick—
Baez mirrors [19]. XRF was collected using a four-element silicon
drift detector (SDD, Vortex ME4, Hitachi High-Technologies
Science America, Inc., total active area: 170 mm?) oriented at
90° to the incident beam, in the horizontal plane. XRD was
collected in transmission geometry using a two-dimensional
hybrid pixel detector (XPAD 5140, 240 x 560 pixels of 130 pm
each [20-23]), which is placed behind the sample at a distance
of typically 200-300 mm such to intercept diffraction rings over
an angular range of approximately 7° in scattering angle (26).
Several images can be collected along the 26 angle by moving
the detector in order to extend the available 20 domain; one
can also settle for a single detector position using a priori
knowledge of the fossil composition to select a 26 domain
encompassing the diffraction peaks of interest (note that larger
detectors can be used to cover a wider domain; e.g. [15,16]).
Details about detector design, geometry, calibration, correction
of the images and diagram (or profile) reconstructions from the
corrected images are available in [23,24] and references therein.
Figure 1a shows a schematic view of the setup.
Two-dimensional scanning was done by moving laterally
the fossils in a plane rotated around the vertical axis by 20° to
the primary beam (i.e. incident angle), to limit X-ray beam foot-
print on the sample but also such that the sample exhibits its
surface to the SDD (no shadowing of the reflected XRD signal,
figure 1a). Mapping over the entire fossils at a 35-100 pm lateral
resolution was performed on the fly using the FLYSCAN plat-
form [18]. A full XRF spectrum and one or several XRD images
were collected at each pixel.

2.2. Data processing

2.2.1. Image generation and phase identification

XRD images were processed through self-written routines
(azimuthal data regrouping along y direction) to extract their respect-
ive diffractograms (intensity versus 26 profiles), and generate
four-dimensional datasets (x, 1, 26, intensity) and then particular
XRD contrast maps. Phase identification and 26 calibration were per-
formed using powder XRD diffractograms obtained on fragments of
the sedimentary matrix (and of the fossil when possible) using the
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Figure 1. SRS-XRFD of a millimetre-thick transversal section of the thylacocephalan arthropod Dollocaris ingens (specimen MNHN.F.A66910) from the La-Voulte-sur-
Rhone Lagerstdtte (Jurassic, France). (a) Schematic view of the setup; while laterally scanning the sample with a high-energy X-ray beam, an XRD image (blue
square) is collected at each pixel using a two-dimensional area detector that intercepts portions of the diffraction rings (red). Simultaneously, an XRF dataset is also
acquired in reflection. (b) Mean XRF spectrum from a 25-pixel area around the beam location (top), and false colour overlay of zinc (red), arsenic and lead (green)
and manganese (blue) distributions (bottom). () XRD images from pixels in the gills and heart, showing contrasting peaks. (¢) Mean diffractograms extracted from
the XRD map for three different 25-pixel areas in the gills, heart and muscles (colours; acquired at 18 keV), sum diffractogram from the map (black; acquired at
18 keV), and powder XRD diffractograms obtained from the gills and heart of a more anterior section of the same specimen (grey; acquired at Cu Kex). C, D and A
phases are calcite, dolomite and arsenopyrite, respectively. (¢) XRD intensity maps for 26 (18 keV) = 10.68° (blue), 13.07° (green) and 13.68° (red), showing
different mineralogical contrasts associated with the diffraction peaks highlighted by the corresponding colours in (d). Acquisition parameters: 9 x 11 pm?
(Hx V) beam spot size, 75 75 um2 scan step, 108 900 pixels, 150 (XRF) and 180 (XRD) ms couting times per pixel (total acquisition time 4 h 51 min).

Scale bar=5 mm.

Match! software (Crystal Impact) making use of the International
Centre for Diffraction Data ICDD) PDF 2015 database. Additional
peaks in the XRD maps could then be identified using Match/
ICDD database, as well as from the elemental information provided
by the XRF data. All mineralogical and elemental distributions pre-
sented herein correspond to integrated intensities from the main
XRD and XRF peaks, represented using linear (except figure 1b, log-
arithmic) grey or colour scales that go from dark to light, respectively,
for low to high intensities. By Gaussian fitting the 26 profile of XRD
peaks attributed to different crystalline phases, corresponding
crystallite sizes were extracted (for each pixel of the maps) by
converting their full width at half maximum (FWHM) using
Scherrer’s formula. It was assumed that only the crystallite size
is contributing to the broadening, and an instrument resolution func-
tion measured as approximately 0.035° (amounting several 10%, and
up to 50% of the measured peak FWHM) was also taken into account
for FWHM deconvolution.

2.2.2. Local texture measurements
In order to confirm some microstructure results obtained using
the local probe XRD approach, supplementary local texture
measurements were performed on a ‘rod’-shaped sample
(approx. 24 x 1.5 x 1.5 mm® H x W x L) extracted using a diamond
wire saw (figures 2a and 3a).

A texture measurement allows retrieving information about
the orientation of the crystallites in the sample: for a fixed 26 pos-
ition of the detector (i.e. accessing a particular inter-reticular

distance), the sample is oriented in all positions in the angular
space. This is done by scanning it in azimuth (¢, rotation around
the sample surface normal) and elevation (y, rotation around the
projection of the impinging X-ray beam on the sample surface),
while recording, at each position, the X-ray scattered signal. The
resulting intensity is represented in a map, in polar coordinates
(azimuth angle and elevation, e.g. figure 3f-h). In this way, when
one or several crystallites are oriented such that the Bragg law is
fulfilled for the particular inter-reticular distance probed (or the
particular Bragg angle 26), high signal is found in the particular
corresponding regions of the polar map, allowing: (i) to retrieve
the particular orientation of the grains (¢, ) and (ii) to possibly
quantify the volume ratio of that particular orientation, compared
to other orientations on the map.

Rapid texture measurements were performed using the area
detector (XPAD). The sample was illuminated by the impinging
X-ray beam (of size approx. 150 x 150 pm? in this case) and the
azimuth (¢) and elevation (y) angles were scanned, the first one
continuously. An image was recorded in each ¢y point, then tex-
ture maps for various 26 angles (i.e. volumes) were reconstructed
[24]. Then, a similar dataset was recorded at the next vertical pos-
ition on the sample. A rod-shaped sample is required in this case
due to the azimuthal rotations during the measurements: as for
the transmission XRD experiment, the sample dimension along
the transmitted beam path needs to be relatively small (approx.
1.5x 1.5 mm?® in this case). This approach is expected to give
volume texture information with a lateral resolution of about
150-200 pm along the sample long dimension.
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Figure 2. SRS-XRFD of a millimetre-thick transversal section through the lung plates of the coelacanth Axelrodichthys araripensis (specimen UERJ-PMB 143) from the
Santana Formation of the Araripe Basin (Lower Cretaceous, northeastern Brazil). (a) Optical photograph of the section. Scale bar = 5 mm. The dotted and solid box
areas, respectively, indicate the area imaged in (b—d,g) and the location where the rod-shaped sample in figure 3 was extracted. (b) False colour overlay of yttrium
(red), iron (green) and calcium (blue) distributions from XRF. (c) False colour overlay of XRD intensity maps for 20 (18 keV) of apatite (211) (red; 12.70°), quartz
(101) (green; 10.40°) and calcite (006) (blue; 12.47°). (d) False colour overlay of calcite crystalline planes (113) (red), (202) (green) and (012) (blue) intensity maps
showing large intensity fluctuations attributed to texture. (¢) Combined XPAD images for the three areas identified by stars in (b) after conversion to (26-v)
coordinates. () Mean diffractograms extracted from the XRD map for the three 24-pixel areas identified by stars in (b) (colours; acquired at 18 keV), sum
diffractogram from the map (black; acquired at 18 keV), and a powder XRD diffractogram obtained from the sedimentary matrix (grey; acquired at Cu Ker).
(g) Overlay of apatite (211) (red), quartz (101) (green) and calcite (006) (blue) crystallites size. Acquisition parameters: 100 x 100 um2 (Hx V) beam spot
size, 100 x 100 pm2 scan step, 25894 pixels (slightly cropped herein), 45 (XRF) and 37.3 (XRD) ms counting times per pixel (total acquisition time 34 min).
The XRF and XRD data were acquired simultaneously.

2.3. Samples composition (figure 1). Nonetheless, unlike in rotating
The potential of this approach is illustrated using four fossils powder XRD, only polycrystalline materials can here display
from different localities representing a wide range of taxa all peaks (orientations); not all the crystalline planes are in
(an arthropod, a sarcopterygian and two actinopterygians), ages position to diffract the incident beam in non-polycrystalline
(Mesozoic and Cenozoic), sedimentary environments (concretions, phases. This can be seen by the rather ‘speckle’ feature of the
shale, limestone), preservation types (compressed and three XRD rings (figure 1c). Quantitative phase analyses (using
dimensions, including extensive soft-tissue mineralization) and Rietveld refinement), therefore, can usually not be performed

mineralogical compositions (carbonates, phosphates, metal sul-
fides and oxides). Three-dimensional fossils of the arthropod
Dollocaris ingens Van Straelen, 1923, and the superimposed lung
plates of the coelacanth Axelrodichthys araripensis Maisey, 1986
were prepared as millimetre-thick cross-sections using a diamond
disc saw. For A. araripensis, the fossil was embedded in resin, and

here, yet SRS-XRFD allows fine phase identification (figure 1d;
constrained by XRF collected synchronously, and additional
powder XRD diffractograms collected on the sedimentary
matrix surrounding the fossil, or fragments of the fossil itself
when possible), and offers the capability to image their

we additionally extracted a ‘rod-shaped sample’ (mentioned distribution with less than 100 pm lateral resolution over
above), so that five samples have actually been studied herein. centimetric lateral sized samples (figure 1e).

Compressed specimens of the osteoglossomorph Laeliichthys Figure 1 shows 100-kilopixel mineralogical maps collected
ancestralis Santos, 1985, and of the cyprinodontiform Prolebias from a millimetre-thick transversal section of the thylacocepha-
goreti Sauvage, 1878, were thin enough for X-ray transmission lan arthropod D. ingens (specimen MNHN.F.A66910), clearly
and were, therefore, mapped without any preparation. Age, displaying the heart, muscles and gills preserved (figure 1a,

locality, accession number, preservation, sedimentology and

b). This fossil, as well as most others from the deep-water eco-
sample preparation information are available in table 1.

system of La Voulte [25,26], exhibits a unique preservation style
where most labile soft tissues are three-dimensionally retained
in a complex mineral association including sulfides [27], pro-
viding pivotal information about the affinities and lifestyle of
several fossil groups including thylacocephalans [28]. Wilby
et al. [27] proposed a taphonomic scenario, including a diage-

3. Results and discussion
3.1. Identification and distribution of minerals

netic sequence of mineral precipitation, where apatite served

at the microscale as ‘a template for calcification and pyritization’. Nonetheless,
XRD mapping successfully produced contrasts, with peak many details of the anatomy of these fossils have been lost,
positions and intensities varying depending on the sample indicating that there are unidentified fossilization biases.
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Figure 3. Pole figures along a rod-shaped sample extracted from the section through the lung plates of A. araripensis (specimen UERJ-PMB 143) shown in figure 2a. (a)
Optical photograph of the sample. (b,¢) Integrated 26 intensities along the sample (z-axis), represented as colour map (logarithmic colour scale, from blue to red) for a
fixed elevation (0°) and two particular azimuths, 0° (b) and 20° (c). Note the presence of the XRD ‘gap’ in the sample region z =5 to 9 mm. (d) 26 intensities averaged
over 90° azimuth and elevation ranges. Regions where XRD peaks are different between panels (b) and (c), or only detected in (d), are highlighted by the circles
and ellipses, respectively. () Three-dimensional representation as iso-surfaces of pole figures along the sample, for particular peaks corresponding to apatite (300,
20 = 13.15°% red), quartz (101, 26 = 10.35% green) and calcite (110, 26 = 14.25°; blue). (~h) Pole figures (log,q scale, first quadrant only) for quartz (101)
(f), calcite (110) (g) and apatite (300) (h) at z=13 mm (left) and another z position where an XRD ‘slab’ can be seen in the three-dimensional view
(colour code as in figure 2g, using identical amplitudes for each 26). All the measurements were performed at an X-ray beam energy of 18 keV.

In this context, Jauvion et al. [29] used SRS-XRFD in combi-
nation with optical and electronic microscopies, EDX,
powder XRD and speciation X-ray absorption spectroscopy,
to investigate fossilization biases in the abundant D. ingens.
Indirect (SEM-EDX, XRF) and direct (XRD) mineralogical
characterization allowed the authors to identify and locate
the various phases comprising the fossils, showing that histo-
logically similar tissues were replaced by the same minerals
under fast biodegradation [29].

XRD precisely identified that cuticle and muscle fibres are
preserved in fluorapatite, and epithelia-rich tissues (gills,
digestive gland) in pyrite and pyrrhotite [29]. Arsenopyrite
is also present in muscle, as well as in the appendages,
where they underlie muscular structures (figure le, blue).
Calcite is observed in the external part of the heart, but also
where no organ is morphologically preserved and in the sur-
rounding matrix (figure 1e, green). Dolomite is only found in the
centre of the heart (figure 1e, red). Contrasting with the scenario
proposed by Wilby et al. [27], data from MNHN.F.A66910 and
several other specimens rather suggest that sulfide minerals
and apatite precipitated concomitantly [29].

From a taphonomic point of view, localizing the different
phases at the microscale over the entire organism (or here
cross-section) is instrumental in defining a taphonomic
sequence. Moreover, pinpointing tissue-specific mineralization
processes is crucial for understanding taphonomic biases.
The fact that different tissue types are replicated in a certain
mineral emphasizes that fossilization processes are not homo-
geneous across the whole fossil, hence, a lack of favourable
conditions for these minerals to precipitate might result in
the loss of a whole group of tissues. Last but not least, identify-
ing the precise mineralogical nature of phases has allowed
Jauvion et al. [29] to better constrain precipitation-favourable
physico-chemical parameters, and therefore reconstitute the
fossilization environment.

3.2. Additional taphonomic information embedded
in the X-ray diffraction images

Besides crystalline phase identification and their spatial
distribution, the XRD data also contain information about
the material structure and microstructure (figure 2). This is
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Table 1. Age, preservation, sedimentology and nature of the studied samples. Institution abbreviations: MNHN.F, palaeontology collection of the Muséum national d'Histoire naturelle, Paris, France; UERJ, Universidade do Estado do Rio

de Janeiro, Rio de Janeiro, Brazil.
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particularly interesting for mapping over pluri-centimetric
areas, as shown herein, as the incident beam spot size used is
much larger than the size of the crystallites constituting the
fossil and its surrounding sedimentary matrix. In this case,
XRD images acquired by the area detector can show (i) continu-
ous rings (though sometimes slight speckle-like features are
clearly visible), which result from diffraction of powder-like
polycrystalline phases (i.e. random-oriented small crystallites),
(i) ring segments that evidence texture (preferential crystalline
orientation) and (iii) spots (disposed on the corresponding
ring) that indicate isolated grains (figure 2e). In turn, would
the beam size be of similar size or smaller than the crystallites
(i.e. when using micrometre or nanometre beams for very high-
resolution analyses) only spots will potentially appear on the
XRD images, if and only if the illuminated crystallite is in the
right geometrical orientation to fulfil diffraction condition. In
addition, the peak width is depending on the corresponding
crystallite sizes (inversely proportional, i.e. the smaller the crys-
tallites the wider the diffraction peaks [30]) and the local/
micro-strain. In the absence of the latter the width of the diffrac-
tion peaks can, therefore, be converted to crystallite sizes (along
a direction which can be retrieved from the geometry of the
experiment), allowing to produce maps using crystallite size
as a contrast signal (figure 2g).

Such results are illustrated against a millimetre-thick trans-
versal section through superimposed lung plates of the
coelacanth A. araripensis (specimen UERJ-PMB 143) from
the approximately 110-million-year-old Santana Formation
of the Araripe Basin, Brazil (figure 2a). A peculiarity of coela-
canths is indeed the presence of a lung covered by ossified
plates, described for almost all coelacanth taxa ranging from
the Palaeozoic to the Recent [31-34]. Enriched in yttrium
(figure 2b), suggesting an apatite composition [35], these
plates are confirmed to be of apatitic bone nature by SRS-
XRFD (figure 2¢,f), as previously recognized from the obser-
vation of cellular bone with star-shaped osteocytes and a
globular mineralization [33]. While hardly visible on the
optical photograph, elemental and mineralogical maps further
show that inner lung plates (i.e. the lowest plates in figure 2a—,
closer to the lung) are thinner than outer plates, confirming
previous observations on ground thin cross-sections [31,36],
and suggest that, most probably, these superimposed elements
are formed first from the region closer to the lung surface than
the outermost region. Note that the section has been prepared
transversally through a crushed lung (see [31, text-fig. 2D]) and
as such the cutting plane had little geometric impact on the
plate thickness. The plates cover a calcium-rich area (figure 2b)
made of large grains of calcite (figure 2¢,d) exhibiting impor-
tant texture (figure 2d,e) evidencing an infilling of the void
created by lung decay. The surrounding carbonate concretion
includes clay and quartz minerals (figure 2b,c).

Apatite peaks from the lung plates are much wider than
calcite and quartz peaks (figure 2f), indicating that the
plate crystallites are much smaller than those in the lung
infill and the concretion. Crystallite size extraction shows
that apatite crystallites from the lung plates yield a homo-
geneous size of approximately 10-15nm, whereas calcite
and quartz crystallites are an order of magnitude larger and
less uniform in size (approx. 50-150 nm) (figure 2g). These
data are totally in accordance with the homogeneity of the
ossified, compacted and dense lung plates composed by
true cellular bone tissue with osteocytes and globular miner-
alization, separated by layers of coarser limestone matrix,
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observed in thin sections [31,33]. Lung plates of adult speci-
mens of A. araripensis are constituted only by thin layers
of homogeneous and compact bone tissue, contrasting to
other coelacanth taxa (such as Swenzia latimeriae Clément,
2005) that may display, in addition, a non-mineralized region
composed of a collagenic packet of microfibrils [33].

In view of the large inhomogeneities observed in crystallite
size maps at different sample locations (figure 2g, see e.g. miss-
ing information in areas shown as dark background), the data
highlight the existence of a significant, and variable, crystallite
orientation, which is far from being that of a randomly oriented
powder. Indeed, extended two-dimensional diffractograms at
particular points in the sample (figure 2¢) show, as mentioned
before, the presence of XRD segments instead of isotropic rings.
For highly textured samples, performing XRD measurements
at fixed sample geometry could result in missed crystallinity
information: crystallites corresponding to a particular phase
are never in diffraction condition, thus no XRD corresponding
peaks are detected. In order to illustrate this issue, a first XRD
experiment was performed on the aforementioned rod-shaped
sample (figure 3a): the sample was scanned along the vertical
direction (z), at fixed azimuth and elevation angles (¢, v),
and, in each point, XRD datasets were recorded (figure 3b,c).
One can already note that, for the two shown measurements,
the diffractograms for two azimuths exhibit presence/absence
of some XRD peaks at particular z-coordinates (see e.g. the
domain highlighted by circles in figure 3b,c). Thus, such a
simple measurement does not ensure accessing all the charac-
teristic XRD peaks and potentially might miss some of them.
To overcome this issue, texture measurements were performed
at each z position. A first way to exploit the texture datasets
consists in extracting, for each z sample position, the XRD
signal as the summation of all the corresponding XPAD
images (azimuth and elevation angles). This approach ensures
that all crystallites are brought into diffraction condition and
potentially diffract, and it is now expected to obtain, from
our illuminated volume (approx. 0.15 x 1.5 x 1.5 mm?), a dif-
fractogram corresponding to that of a random powder
(figure 3d). The most striking differences are the presence, in
the aforementioned texture map, of XRD peaks in the z-range
5-9 mm (calcite void-infilling of the lung cavity) for 26 values
around 14° and 18° (unbroken ellipses in figure 3b—d); they
were completely missing in all the tested fixed azimuth (0-
80° range, every 20°) and fixed elevation (0°) configurations
(line scans). Surprisingly, some apatite appears also associated
with calcite in this region (dotted ellipses in figure 3b—d), likely
to represent fragments of ossified plates that collapsed in the
void left by the decay of the lung, or possibly phosphatized
remains of the lung or soft tissues, common in the Santana For-
mation [37,38].

Full data exploitation of texture measurements is achieved
through the generation of pole figure volumes (five-
dimensional datasets, ¢, y, 26, z, intensity). At particular 26
scattering angles characteristic of the crystalline phases of
interest (figure 2f), pole figures at each z-coordinate are
extracted (e.g. figure 3f-h). The result is shown as a volume
in figure 3e, in which pole figures along the z-direction and
for particular 26 angles (and thus different crystalline struc-
tures) are shown as three-dimensional iso-surfaces. This
clearly demonstrates that missing information in areas such
as the calcite void-infilling of the lung cavity that arose as
dark background in figure 2¢ (z-range 5-9 mm in figure 3)
results from an absence of diffraction in the used geometry

(see how XRD peaks are not missed anymore in the pole

figure volume; figure 3e—h). This three-dimensional visualiza-
tion further reveals a layered structure of the sample,
particularly visible for the calcite void-infilling of the lung
cavity. Several other regions in the sample deserve a closer
look. Around z ~ 13 mm, crystallite orientation is much more
pronounced, as seen by the presence of localized scattered
signal (hot spots) in the particular polar maps (figure 3f-h).
In the case of the calcite void-infilling, the signal is much
more diffuse and its position slowly rotates in ¢ and y, as illus-
trated in the three-dimensional view (blue surface figure 3e).
The crystallites of all the phases identified can rotate with
large amplitudes of several 10°, having variable preferential
orientation, for different z positions on the sample. This is
illustrated by the two pole figures extracted for the apatite
(taken 5mm apart): the scattered intensity is grouped
(within 10-20°) around (¢ ~45°/yw~10, 40 and 90°) and
(~0°/y~75°and ¢~ 90°/y ~20°), respectively (figure 3h).

Although this clearly shows the potential limitations of
XRD mapping performed at fixed sample angles, one has
to keep in mind not only the much longer time needed to
perform such data acquisitions, but also the particular
(rod-shaped) sample preparation required. Sensu stricto, the
hypothesis of perfectly random-oriented polycrystalline
phases does not hold. Yet, in the case of samples such as
the fossils investigated herein, crystallite orientation still
spans over several 10°, ensuring that the various crystalline
phases (and related information such as the average crystal-
lite size, see above) can be detected (though possibly only
partially) even for fixed sample angular positions.

Considering now the above remarks, we can assume that
texture is also visible in the mineralized heart of the three-
dimensional-preserved thylacocephalan MNHN.F.A66910
(figures 1e and 4): speckly regions of the calcite and dolomite
maps are probably characteristic of large size grains, possibly
with specific orientations. Elongated crystals of calcite with
alternating, ordered orientation grew at the periphery of the
heart, while the centre has been replaced with much poorly
organized dolomite (figures le and 4). This reveals a two-
steps sequence of mineralization within the heart, contrary
to the supposed coprecipitation with calcite in Jauvion et al.
[29], which was tested possible with geochemical modelling.
Moreover, the same model suggests calcite dissolution and
dolomite precipitation while a later oxidation event is
taking place, which might have been the case locally.

From a taphonomic point of view, the latter example shows
how crystallographic data offer important information comp-
lementary to phase identification in the reconstruction of
mineralization sequences. More generally, assessment of the
distributions of crystallite size and orientation, in particular pre-
ferential orientations (or misorientations) in non-isotropic
materials, is crucial for both palaeontological and taphonomic
studies as they provide unique information for deciphering
the mineralization processes associated with biomineralization,
fossilization and /or diagenesis. We should also point out here
that variations in the position of a diffraction peak (in 26) can be
due to a modification of intereticular distances, and thus high-
light strain (thermal or mechanical) undergone by the materials
during burial or diagenesis. Moreover, resolving crystallo-
graphic parameters in the skeleton of problematic extinct
microorganisms has been shown (using EBSD in that case) to
help in the determination of their affinities [14], and could
also be used for larger organisms and/or their tissues.
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Figure 4. Textured mineralization of the heart in the thylacocephalan arthropod D. ingens (specimen MNHN.F.A66910) from the La-Voulte-sur-Rhone Lagerstdtte
(Jurassic, France). (a) False colour overlay of different calcite crystalline planes (for different values of 26, in degrees, at 18 keV). (b) False colour overlay of different
dolomite crystalline planes (for different values of 26, in degrees, at 18 keV). (c) Optical close-up of the heart, showing some of the elongated crystals of calcite at
the periphery and much poorly organized dolomite at the centre. Acquisition parameters: 9 x 11 pum? (H x V) beam spot size, 75 x 75 um” scan step, 108 900
pixels, 180 ms counting time per pixel (total acquisition time 4 h 51 min). Scale bar =5 mm in (a,b) and T mm in (c).
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Figure 5. SRS-XRFD imaging of compressed fossil fishes. (a) Optical photograph of the osteoglossomorph L. ancestralis (specimen 099-PV-DZ-UERJ) from the San-
fransiscana Basin, Quiric Formation (Barremian, southeastern Brazil). (b) False colour overlay of XRD intensity maps for fluorapatite (200) (red) and (211) (green),
and phyllosilicates (blue). (c) XRD intensity map for fluorapatite (002), close-up from the box area in (b). Acquisition parameters: 50 X 50 um2 (Hx V) beam spot
size, 35 x 35 pum” scan step, 1182 149 pixels (slightly cropped herein), 30 ms counting time per pixel (total acquisition time 24 h 03 min). (d) Optical photograph
of a hidden cyprinodontiform Prolebias goreti (specimen MNHN.F.CRT255) from the Apt-Céreste-Forcalquier Basin (Rupelian, Céreste-Bastide du bois, southern
France). (e) XRD intensity map for fluorapatite (002). (f) Yttrium distribution from XRF. Acquisition parameters: 100 X 100 um2 (Hx V) beam spot size,
100 % 100 um2 scan step, 60 750 pixels (cropped herein), 54 (XRF) and 47.8 (XRD) ms counting times per pixel (total acquisition time 1h 28 min). Scale
bar=1m in (a,b,d—f) and 5 mm in (¢).

MNHN.F.CRT255) from the approximately 30-million-year-
old Apt-Céreste-Forcalquier Basin, southern France, hidden
within a thin slab of limestone (figure 5d), fluorapatite
maps even offer a way better contrast (figure 5e) than
XRF mapping of yttrium (figure 5f), an element that preferen-
tially substitutes for calcium in calcium phosphates such as

3.3. Mineralogical contrasts reveal hidden anatomies

The mineralogical contrasts offered by SRS-XRFD can also
be exploited to image compressed fossils that remain difficult
(or impossible) to describe using conventional imaging
methods such as optical photography and microscopy.
We applied SRS-XRFD to two compressed fossil fishes

(figure 5), generating up to 1.2-megapixel maps for a specimen
of the osteoglossomorph L. ancestralis (specimen (099-PV-
DZ-UER]) from the approximately 125-million-year-old
Sanfransiscana Basin, Brazil (figure 5a,b). The distribution
of fluorapatite from their skeleton allows for the visualiza-
tion of their anatomy (figure 5b,e), with a resolution
sufficient to observe tiny details such as central hollow tubes
within the ribs of Laeliichthys (figure 5c). In the case of a
specimen of the cyprinodontiform Prolebias goreti (specimen

bone apatite, and has been shown to yield useful anatomical
contrasts for a wide range of fossils [35]. With an information
depth of one to a few millimetres (depending on the energy of
the X-ray used and the density of the material), SRS-XRFD
mineralogical mapping of fossil slabs that thin, therefore,
appears as a promising complement to SRS-XRF elemental
mapping, which only gives access, in most fossils, to the first
100 pm at the surface of the sample (see [35]), to reveal
hidden anatomies in compressed fossils. Texture can also
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provide interesting anatomical contrasts, distinguishing, for
instance, between different bones, and scales in Laeliichthys
(figure 5b).

4. Potential limitations

There are three main inherent limitations to SRS-XRFD two-
dimensional mapping: (1) the illuminated crystallites need to
be in the right geometrical orientation to diffract; (2) the
beam spot size should be larger than the size of the crystallites
to obtain continuous rings (pending that condition (1) is ful-
filled; if the beam size is of similar size or smaller than the
crystallites, e.g. for high lateral resolution analyses, only
spots will possibly appear on the XRD images); and most
importantly (3) as the approach works in transmission geome-
try, samples have to be thin enough to allow transmission.
Conditions (1) and (2) are discussed and illustrated in §3.2
(note that because of condition (1) quantitative phase analyses
cannot usually be performed here). Regarding condition (3),
maximum sample thickness for a given material depends on
the X-ray energy used (the higher the energy, the more X-rays
penetrate). Within the 6-30 keV range of energies commonly
available at XRD synchrotron beamlines, X-rays can probe up
to a few millimetre-thick fossils (depending on the exact
photon energy used and the density of the material), such
that SRS-XRFD is well-adapted to millimetre-thick cross-sec-
tions prepared through three-dimensionally preserved fossils,
but also to compressed fossils on slab that thin. It works also
with thin sections, though they must be uncovered in order
to take advantage of XRF collected synchronously in reflection
geometry (the underlying glass slide on which they are
mounted is not problematic as it does not produce a sharp
diffraction that competes with that of the sample). Nonetheless,
finely polished sections (30 pm or below) may not present a
sufficient diffracting volume, resulting in a poor signal
(or require increased exposure times per point for reasonable
statistics); preference should, therefore, be given to sections
polished to 100 um or thicker (not thicker than a few
millimetres to allow X-ray transmission; see above).

5. Conclusion

In this paper, we introduce synchrotron rapid scanning trans-
mission XRD, synchronously coupled to X-ray fluorescence
mapping (SRS-XRFD), as a novel method of identifying and
mapping minerals at the microscale over pluri-centimetric
thin fossils and sections, within a reasonable time frame and
with bulk sensitivity. XRF major to trace elemental mapping
helps phase identification, and informs on trace element incor-
porations within minerals. Besides phase identification and
corresponding lateral distribution in the sample, SRS-XRFD
further informs on texture (preferential orientation), crystallite
size and local strain, providing unique information to
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